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ABSTRACT 

Two d i g i t a l  programs, Numbers 5-1 and 5-2, f o r  analyzing s t eady- s t a t e  

performance of h e a t  exchanger systems are presented .  These programs are 

r e s t r i c t e d  t o  systems where t h e  p r i n i c p a l  source  o r  s i n k  f o r  t h e  h e a t  is  

a t t r i b u t a b l e  t o  l a t e n t  h e a t  of t h e  f l u i d  which passes  through duc t s  l oca t ed  

i n  t h e  exchanger. Extended s u r f a c e s  ( f i n s )  t o  improve t h e  system performance 

may be a t t ached  t o  t h e  duc t s ,  Heat i s  exchanged wi th  t h e  environment by 

r a d i a t i o n ,  convect ion,  o r  both.  F lu id  p re s su re  drop i s  c a l c u l a t e d  ( f o r  t he  

two-phase flow) by t h e  Lockhart-Mart inel l i  method. 

I 

Program 5-1 is  r e s t r i c t e d  t o  t h e  a n a l y s i s  of c i r c u l a r  duc t s  having 

two symmetrically loca t ed  s i n g l e  s e c t i o n  f i n s .  The r a d i a t i o n  environment 

may inc lude  the  e f f e c t s  of t h r e e  e x t e r n a l  bodies .  One of t hese  i s  assumed 

t o  be  t h e  sun. The o t h e r s  can be of almost any shape o r  s i z e  as long as 

t h e i r  e f f e c t  on h e a t  t r a n s f e r  can be expressed by t h e i r  view f a c t o r s ,  s u r f a c e  

temperatures and emissivities. These t h r e e  f a c t o r s  are assumed cons tan t  

along t h e  length  of t h e  duct  and along t h e  l eng th  of t h e  f i n .  F in  performance 

i s  e s t a b l i s h e d  by a Runga-Kutta-Gill numerical  i n t e g r a t i o n  rou t ine .  

Program 5-2 analyzes  complicated duct  and f i n  conf igura t ions .  Pressure  

drops f o r  i r r e g u l a r  duc t  shapes are ca l cu la t ed  assuming an e f f e c t i v e  diameter 

equal  t o  f o u r  t i m e s  t h e  hydrau l i c  mean rad ius .  S ing le  o r  mul t i s ec t ion  f i n s  

can be  a t tached  t o  t h e  e x t e r n a l  s u r f a c e  of t h e  duct .  Each f i n  can have i t s  

ind iv idua l  material p r o p e r t i e s  and environments. However, t h e  f i n  performance 

must be f e d  i n  as i n p u t  d a t a  t o  t h e  program. Performance of unsymmetrically 

spaced f i n s  i n  a r a d i a t i v e  environment w i l l  need t o  be  approximated s i n c e  no 

known exac t  s o l u t i o n s  are ava i l ab le .  

i 
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INTRODUCTION 

I n  the  performance a n a l y s i s  of c o n d e n s e r s o r w a p o r a t o r s  two major 

items t h a t  have t o  be eva lua ted  a r e  (1) the  r a d i a t i v e  and convect ive hea t  

exchange w i t h  environment and (2)  the  f l u i d  pressure  change w i t h i n  the  duc t .  

To handle t h e  o v e r a l l  t a s k  it w a s  decided t o  assemble two complete programs. 

These a r e  numbered 5-1 and 5-2. 

This s tudy i s  a n a t u r a l  follow-up of  t he  work presented i n  Refs. 1 

and 2 i n  which programs are presented f o r  c a l c u l a t i n g  t h e  combined e f f e c t s  of 

r a d i a t i v e  and convect ive h e a t  t r a n s f e r  i n  h e a t  exchangers and s u r f a c e s .  

Techniques have a l r eady  been developed f o r  p r e d i c t i n g  t h e  performance of con- 

densers  l o s i n g  h e a t  s o l e l y  by r a d i a t i o n ,  see R e f .  3 .  This s tudy  conta ins  the  

f i r s t  programs capable  of ana lyz ing  both condensers and evapora tors  i n  convect ive 

and radiative environments. 

I n  r a d i a t i v e  and convect ive cases i t  w a s  observed t h a t  t h e  l eng th  of 

duct  r equ i r ed  t o  cool  o r  h e a t  a f l u i d  could be e s t a b l i s h e d  using equiva len t  

length  f o r  t h e  f i n s  and duc t  system. The equiva len t  l eng th  of a f i n  is defined 

as the  l eng th  of an imaginary s t r i p  measured perpendicular  t o  the  axis of the  

duct  t h a t  would t r a n s f e r  t h e  same amount of h e a t  as t h e  a c t u a l  s t r i p  b u t  would 

have a cons tan t  temperature  equal  t o  t h e  r o o t  temperature.  The equiva len t  

length  w a s  observed t o  be nea r ly  independent of t h e  r o o t  temperature and would 

t h e r e f o r e  remain e s s e n t i a l l y  cons tan t  a long  t h e  duc t .  

Program 5-1 a n a l i z e s  conf igura t ions  employing c i r c u l a r  tubes and 

symmetrical f i n s .  The maximum complexity f o r  t h e  r a d i a t i v e  environment is  

as i l l u s t r a t e d  i n  Fig.  1. Program 5-2 a n a l i z e s  complex conf igura t ions  inc lu -  

ding mul t i s ec t ion  f i n s  and non c i r c u l a r  ducts .  The duct  conf igura t ion  i s  
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s p e c i f i e d  e i t h e r  by the  i n t e r n a l  diameter  or by t h e  c ros s - sec t iona l  area and 

per imeter .  

performance i t e m  is  t h e  equ iva len t  l eng th  which can be  evaluated by us ing  programs 

given i n  Ref. 2 .  By s e p a r a t i n g  t h e  f i n  performance c a l c u l a t i o n s  from t h e  

duct  l eng th  c a l c u l a t i o n s ,  innumerable geometric conf igu ra t ions  can be analyzed. 

The f i n s  can be of s i n g l e  o r  mul t i s ec t ion  shapes,  of unsymmetrical des ign ,  

of d i f f e r e n t  materials, and even i n  d i f f e r e n t  environments. 

The l a t e r  opt ion  is  used f o r  non-c i rcu lar  duc ts .  The requi red  f i n  

Heat exchanger performance c a l c u l a t i o n s  i n  pure ly  r a d i a t i v e  

environments given i n  Ref. 4 were s i m p l i f i e d  by us ing  dimensionless parameters 

t o  s p e c i f y  t h e  environment and t h e  f i n  conf igura t ion .  Curye fitting 

techniques w e r e  subseqent ly  employed t o  c o r r e l a t e  numerical ly  ca l cu la t ed  d a t a  

s o  t h a t  t h e  programs contained only systems of curve f i t  equa t ions  t o  c a l c u l a t e  

t h e  f i n  performance. No comparable set of equat ions  i s  a v a i l a b l e  f o r  ca lcu la-  

t i n g  t h e  e f f e c t i v e n e s s  of f i n s  i n  a combination of r a d i a t i v e  and convect ive 

environment. Therefore ,  i n  t hese  programs, numerical  i n t e g r a t i o n s  are used, 

e i t h e r  d i r e c t l y  o r  i n d i r e c t l y ,  t o  o b t a i n  the  f i n  performance. 

The h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  f l u i d  t o  t h e  w a l l  i s  very high 

when a mixture  of l i q u i d  and vapor i s  present .  Under these  condi t ions  l i t t l e  

temperature d i f f e r e n c e  e x i s t s  between t h e  f l u i d  and t h e  w a l l  and l i t t l e  e r r o r  

i s  in t roduced  i n  t h e  programs by assuming t h e  two temperatures are equal .  

Two-phase flow i n  t h e  tubes of a condenser p re sen t s  a more d i f f i -  

c u l t  p re s su re  drop a n a l y s i s  than does a l i q u i d  i n  a r a d i a t o r .  

i n  e i t h e r  laminar  o r  t u r b u l e n t  regimes a t  t h e  tube en t rance .  

f low, one of t h e  phases can be t u r b u l e n t  whi le  t h e  o t h e r  i s  laminar .  Due t o  

condensation o r  evapora t ion  of vapor t h e  flow regime f o r  e i t h e r  l i q u i d  o r  

vapor can change from one t o  t h e  o the r .  Since a l l  t h e  v a r i a t i o n s  are poss i -  

b l e ,  t hese  programs have been w r i t t e n  t o  eva lua te  t h e  regime f o r  each f l u i d )  

The flow can be 

I n  two-phase 
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f o r  each s e c t i o n  and t o  c a l c u l a t e  t h e  p re s su re  drop i n  t h e  s e c t i o n  assuming 

the  no change o r  regime takes  p l ace  wi th in  t h e  s e c t i o n .  To accura t e ly  calcu- 

l a t e  t h e  t o t a l  p re s su re  drop i n  t h e  duc t  i t  i s  necessary  t o  d iv ide  t h e  l eng th  

i n t o  a number of s h o r t  s e c t i o n s .  

are the  normal condi t ions  encountered, such as tube s i z e ,  f l u i d  flow rate, 

and f i n  geometry. The duc t  l eng ths  and duct  s e c t i o n  lengths are e s t a b l i s h e d  

by the  programs. The i n p u t  va lues  f o r  temperature (T ) and p res su re  (P ) f o r  

t he  f l u i d  e n t e r i n g  t h e  duc t s  are assumed t o  be a t  s a t u r a t e d  condi t ions .  A s  

t h e  f l u i d  flows along t h e  duct  t h e  s t a t i c  p res su re  w i l l  e i t h e r  r ise o r  f a l l .  

I n  a condenser f o r  low t o  moderate flow rates t h e  p re s su re  normally rises 

The inpu t  d a t a  f o r  spec i fy ing  t h e  problems 

9; * 

s i n c e  t h e  momentum head i s  l a r g e r  than t h e  f r i c t i o n  p res su re  drop. 

rates t h e  f r i c t i o n  p res su re  drop w i l l  become t h e  predominant f a c t o r ,  For 

evapora tors ,  however, t h e r e  is  always a p res su re  drop. The momentum pressure  

head f o r  t h e  l i q u i d  i s  less than f o r  t h e  mixture  of vapor and l i q u i d .  Should 

the  a n a l y s i s  of excess ive  flow rates be at tempted,  t h e  ca l cu la t ed  increment 

f o r  t h e  p re s su re  drop w i l l  be  found t o  b e  high.  

t o  accu ra t e ly  c a l c u l a t e  t h e  thermal p r o p e r t i e s  of t h e  f l u i d  when t h e  p re s su res  

dev ia t e  widely from t h e  i n l e t  condi t ions .  Two tests are provided i n  t h e  

program t o  avoid meaningless a n a l y s i s .  A p a r t i c u l a r  case i s  terminated when 

the  ca l cu la t ed  p res su re  i s  less than zero ,  o r  i f  t h e  s e c t i o n  l eng th  i s  nega- 

t i v e .  P r i n t  o u t s  are provided t o  g ive  t h e  reason f o r  e a r l y  case te rmina t ion .  

A t  h igher  

The program w a s  n o t  w r i t t e n  

The b a s i c  assumptions made f o r  t h e s e  programs inc lude  t h e  fol lowing:  

1. Steady state condi t ions  have been reached. 

2. No h e a t  i s  t r a n s f e r r e d  from t h e  o u t e r  edges of t h e  f i n s .  Cor- 

r e c t i o n s  can be made f o r  t h i s  i t e m  i n  program 5-2 i f  t h i s  f e a t u r e  i s  appl ica-  

b l e  and i f  t h e  u s e r  wishes t o  expend t h e  e f f o r t  t o  do so.  Normally t h e  

accuracy of t he  problem does n o t  warran t  such ref inement .  
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3 .  N o  h e a t  i s  t r a n s f e r r e d  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  duct .  

The temperature  g rad ien t  i n  t h i s  d i r e c t i o n  is  normally s m a l l  enough t h a t  

i t s  e f f e c t  does n o t  m a t e r i a l l y  degrade t h e  p red ic t ed  performance. 

4 .  The environment remains cons tan t  a long  a f i n  and throughout t he  

l eng th  of t h e  duc t .  

5. The h e a t  t r a n s f e r  p r o p e r t i e s  of t h e  duc t  and f i n  materials are 

no t  a f f e c t e d  by temperature  o r  p o s i t i o n  i n  t h e  system. 

6. The duc t  w a l l  temperature  is  assumed equal  t o  t h e  temperature 

of t h e  vapor.  

7. The f i n  equ iva len t  l eng th  remains cons tan t  along t h e  duct  and 

i n  Program 5-1 i s  c a l c u l a t e d  a t  t h e  f l u i d  i n l e t  temperature.  

8. The f l u i d  e n t e r s  t h e  duc t  a t  i t s  s a t u r a t i o n  temperature  and 

However, t h e  weight percentage  of vapor is  an inpu t  v a r i a b l e  which pressure .  

depends upon t h e  d e s i r e d  problem condi t ions .  
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NOMENCLATURE 

Computer 
Program E qu a t ions Definition 

Ad AD Duct cross sectional area for fluid 
flow, sq ftlduct 

A Curve fit equation constants [see Eq. 
(128), Ref. 31 

e 

a 

A 

CY 

An element of condenser area, sq-ft 

ALPHAA Absorptivity of surface facing sun, 
nondimensional 

ALPHAB Absorptivity of surface away from sun, 
nondimensional 

cy 
b 

A 
P 

AS Plan form area exchanging heat with the 
environment. (Heat may be exchanged 
from both sides of the extended surface), 
sq ft 

B Curve fit equation constants [see Eq. 
(128),  Ref. 31 

N 

X 

CAPN Number of ducts in heat exchanger 

CHI Pressure drop function [see Eq.(114), 
Ref. 31, nondimensional 

cx 

C 

CHIC 1 Pressure drop constant [see Eq.(116), Ref. 
31 

Curve fit equation constants [see Eq.(l28), 
Ref. 31 

CKO, CK1, CK4 Heat transfer constants, [see E q s  e .  (2.15) 
to (2.17) 

K 
O Y 4  

Subscripted constant in Runge-Kutta-Gill 
integration routine 

CPG 

CPL 

c1 

Specific heat of vapor, Btu/lb R 

Specific heat of liquid, Btu/lb R 

Radiation constant, D(Ca + Cb) Btulft' .hr R4 
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Computer 
Program Definition E quat ions 

Radiative constant, Cl,for fin (L), 
Btu/hr sq ft Rlf 

ClD(1) Radiative constantY4C1, for duct section 
(I), Btu/hr sq ft R 

c2 
c2 Radiative constant, heat received from 

environment by both surfaces of a unit 
of fin area, Btu/hr sq  ft 

C2D (I) Radiative constant C, for duct section 
(I), Btu/hr sq ft 

Radiative constant C, for fin (L) (heat 
to both surfaces), Btu/hr sq ft 

Environmental parameter, C,/C,(T ) , 
nondimensiona 1 

* 4  
c3 

6 
h Thickness of root or attachment end of 

extended surface, ft 
DELTAH 

L dw DELWL Weight of liquid changing phase in each 
section, lb/sec 

6 
r 

Di 

DELTAR 

DI 

Ratio of end to root thickness of fin 

Duct inside diameter (or effective diameter) , 
ft 

R curve fit constant [see Eq.(129), Ref 
3f 

D 

0 
D 

‘DP 

DO 

DPC 1 

DPM 

Tube outside diameter, ft 

A constant [see Eq.(59), Ref. 31 

Change in momentum pressure from entrance 
to exit of duct (+ if pressure rise), lb/sq ft 

DPMDWl 

DPMDW2 

DPMDW3 

DPMDW4 

A constant [see Eq. (141) , Ref e 31 

A constant [see Eq.(140), Ref. 31 

A constant [see Eq.(142), Ref. 31 

A constant [ see Eq e (144) , Ref 31 
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Computer 
Equations Propram 

DPMDW5 ‘D5 

d Pm/ dwIJ DPMDWX 

dPf /dx 

dL 

DZ 0 

W 

DZW 

Q 
C 

E 

Eks 

LC 

Le 

Le (L) 

Lh 

L 
W 

€ 
a 

E 
b 

DPSUM 

DPXF 

DX 

DZ 0 

DZW 

DZ 1 

D2Z 

EFCl 

E (1) 

EKEND 

EKS 

ELC 

ELE 

ELE (L) 

ELH 

E LW 

EMA 

EMB 

D e f i n i t i o n  

A cons tan t  [see Eq.(145), Ref. 31 

Pressure  change i n  the  duct  due t o  
momenlum change i n  the  f l u i d s ,  lb -sec /  
l b - f t  

Accumulated sum of pressure  change, lb / sq  f t  

F r i c t i o n  pressure  drop per f o o t  of duct  
length ,  l b / f t 3  

D i f f e r e n t i a l  l eng th  of duc t ,  f t  

(dZ/dw)l f o r  a previous a t t e m p t  a t  conver-. 
gence where hea t  t r a n s f e r  was low 

(dZ/dW)% f o r  a previous at tempt  a t  conver- 
gence where hea t  t r a n s f e r  w a s  high 

I n i t i a l  va lue  of (dZ/dW) t o  s t a r t  in t eg ra -  
t i o n  r o u t i n e ,  nondimensional 

Funct ion s ta tement ,  nondimensional 

F l a t  p l a t e  convect ive e f f e c t i v e n e s s ,  
nond imen s i ona 1 

RI, curve f i t  cons tan t  [ s ee  Eq,(129),  Ref. 31 

F lu id  k i n e t i c  energy a t  duct e x i t ,  Btu/lb 

F l u i d  k i n e t i c  energy a t  duct en t rance ,  Btu/ lb  

Duct width f o r  convective heat  t r a n s f e r ,  f t  

Equivalent  length  of a f i n ,  f t  

Equivalent  l eng th  f o r  f i n  (L), f t  

Actual extended su r face  wid th ,  f t .  

Duct length ,  f t  

Hemispherical emis s iv i ty  of extended sur face  
f ac ing  sun, nondimensional 

Yemispherical e m i s s i v i t y  of extended su r face  
away from sun, nondimensional 
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Computer 
Program D e f i n i t i o n  Equations 

EMX Hemispher ica 1 e m i s s i v i t y  of ex te rna  1 
su r face  x, nondimensional 

€ 
X 

N ENT 

E PSA 

Number of duc t s  i n  heat  exchanger 

Emiss iv i ty  of extended su r face  f ac ing  
sun, nondimensional 

E 
a 

EPSB Emiss iv i ty  of extended su r face  away from 
sun, nondimensional 

€ 
b 

E 
m 

€ 
X 

EPSM 

EPSX 

Emiss iv i ty  of body "m", nondimensional 

Emiss iv i ty  of e x t e r n a l  body, "x" , non- 
dimensional 

Radia t ive  form f a c t o r  between exchanger 
and body, "m", f o r  su r f ace  fac ing  sun, 
nondimensional 

a F FA 

FAH 

FAX 

Fah Environmental convect ive parameter, 

+ %T [ haTaa ab h h 

Radia t ive  form f a c t o r  between the  hea t  
exchanger su r face  fac ing  the sun and a 
second su r face  near  t he  exchanger, 
nondimensional 

) L '/k6 T I ,  nondimensional 

ax F 

Fb FB Radia t ive  form f a c t o r  between exchanger 
and body ''m" fo r  su r f ace  away from sun, 
nondimens i o n a l  

Rad ia t ive  form f a c t o r  between t h e  exchanger 
su r face  away from sun and a second sur face  
near  t he  exchanger,  nondimensional 

Fbx FBX 

Variable  used i n  Newton's i t e r a t i o n  procedure e F 

Fh 

FE 

FH Extended su r face  convective parameter,  
[@ + %> Lha/k6 I ,  nondimensional 

Latent  hea t  of f l u i d ,  B tu l lb  

a h 

h 
f g 

FHH 

F (1) 

F INLH 

FINTC 

% curve f i t  cons tan t  [ s ee  Eq. (129), R e f .  31 

Extended su r face  length  of s e c t i o n ,  f t  

F 

Lh 

6 
C 

Thickness of extended su r face  a t  cold end, f t  
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Equations Program D e f i n i t i o n  

FINTH Thickness of  extended su r face  a t  r o o t  
edge, f t  

FMESH 
NS 

Number of subsec t ions  i n  which the duct  
length  i s  d iv ided  f o r  c a l c u l a t i o n  purpo- 
ses nondimensional 

FMUG 

FMUL 

FNK 

Viscos i ty  of vapor ,  l b / s e c - f t  

V i scos i ty  of l i q u i d ,  l b / s e c - f t  

Thermal conduc t iv i ty  of  f i n  material, 
Btu / f t -hroR 

Subscr ipted i n t e g r a t i o n  t e r m  

f F2 Fanning f r i c t i o n  f a c t o r ,  nondimensional 

Un i t s  conversion f a c t o r ,  32.17, f t / s e c  a 
G 

GD I Product20f g and tube  i n s i d e  diameter ,  
f t 2 / s e c  

Gdl ,  3 

gJ 

GD1, ... GD3 

G J  

Heat exchange cons t an t s  f o r  duct  

Product of g r a v i t y  and the  mechanisal 
equ iva len t  of h e a t ,  32.17 X 778 f t  - l b /  
Btu-sec 2 

Subscripted cons t an t s  

Subscr ipted cons t an t s  

Convective hea t  t r a n s f e r  c o e f f i c i e n t  
on the  s i d e  f ac ing  t h e  sun ( i f  app l i cab le )  
Btu/hr sq  f t  R 

Convective hea t  t r a n s f e r  c o e f f i c i e n t  t o  
the  environment f o r  s i d e  "a" of  f i n  (L) ,  
Btu/hr  sq f t  R 

h a t  

hb 

HAT (haTaa +hbTab) ' Sum of convect ive t e r m s ,  
Btu/hr sq  f t  

HB Convective hea t  t r a n s f e r  c o e f f i c i e n t  on 
the  s i d e  away from the  sun ( i f  app l i cab le ) ,  
Btu/hr sq  f t  R 
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Computer 
Equations Program 

w 

P 

Y 

HG 

HL 

HT 

IS0 

I sw 

ITER 

OMEGA 

P 

PERIM 

PHI 

PMEND 

PMS 

PS TAR 

QALSTR 

D e f i n i t i o n  

Convective hea t  t r a n s f e r  c o e f f i c i e n t  t o  
t h e  environment from side”b” of f i n  (L) ,  
Btu/hr sq  f t  R 

Convective hea t  t r a n s f e r  c o e f f i c i e n t  t o  
environment from duct  s e c t i o n  (I), 
Btu/hr s q  f t  R 

Enthalpy of l i q u i d ,  Btu/ lb  

Enthalpy of vapor ,  Btu/ lb  

Sum of  convect ive hea t  t r a n s f e r  c o e f f i -  
c i e n t s ,  (ha + h , ) ,  Btulhr  sq f t  R 

Switch t o  s i g n a l  a ze ro . cond i t ion  has 
been encountered 

Switch t o  s i g n a l  a w i l t  condi t ion  has 
been encountered 

The number of a t t e m p t s  f o r  a s t a r t i n g  
va lue  of DZ/dw 

Ra t io ,  L/$ where L r e p r e s e n t s  d i s t ance  

t h a t  t h e  hea t  has t r ave led  along the  f i n  
and L r e p r e s e n t s  the t o t a l  l ength ,  non- h 
dimensional 

Absolute f l u i d  pressure ,  l b / s q  f t  

Duct i n t e r n a l  perimeter , f t  

Funct ion [ s e e  Eq.(113), Ref. 31 

Flu.id momentum pressure  of duc t  e x i t ,  l b /  
sq  f t  

F l u i d  momentum pressure  a t  duct  en t rance ,  
l b / sq  f t  

S t a t i c  s a t u r a t i o n  pressure a t  duct  i n l e t ,  
l b / f t 2  

Qual i ty  of f l u i d  e n t e r i n g  duc t ,  weight 
f r a c t i o n  vapor,  nondimensional 
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Equations 

4 

4 

R 

R 
eg 

e R 

R 
g 

RL 

P 

pfs 

pg 

'L 

pf 

'm 

'd 

px 

Computer 
Program 

Q 

QDPR 

R 

REGP 

RE LP 

RGP 

RLP 

RHOEND 

RHOF S 

RHOG 

RHOL 

RHOFM 

RHOM 

RHOTM 

RHOX 

Definition 

Heat exchanged with environment, Btu/hr per 
duct 

Heat transfer from duct per foot of length, 
B tu / hr - f t 
Heat transfer to the environment from a 
unit of duct length, Btu/sec 

System heat exchanged with environment, 
Btu/hr 

Gas constant, 1544/M, ft-lbllb-mol 

Pseudo Reynolds number for vapor in duct, 
nondimensional 

Reynolds number for a fluid flowing in a 
duct, nondimensional 

Pseudo Reynolds number fo r  liquid in the 
duct, nondimensional 

Fraction of the duct filled with vapor 
at the section midpoint, nondimensional 

Fraction of the duct filled with liquid 
at the section midpoint, nondimensional 

Fluid density, lb/ft3 

Fluid density at duct exit, lb/cu ft 

Fluid density at duct entrance, lb/cu ft 

Density of vapor fraction, lb/ft3 

Density of condensed liquid, lb/ft3 

Density of fin material, lb/ft3 

Reflectivity of environmental surface, 
nondimens ional 

Density of tube material, lb/ft3 

Reflectivity of second surface, x, nondi- 
mensional 
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Equations Program D e f i n i t i o n  

RLAFEG Subroutine used i n  pressure drop ca l cu la -  
t i o n s  

Solar  hea t ,  Btu/hr sq f t  

Pe r iphe ra l  duc t  length f o r  convective heat  
t r a n s f e r  from s e c t i o n  (I), f t  

E f f e c t i v e  p e r i p h e r a l  duct  length  f o r  
r a d i a t i v e  hea t  t r a n s f e r  from s e c t i o n  
(I), f t  

T Absolute s ta t ic  temperature of vapor and 
f i n  r o o t  ( taken equa l ) ,  R 

T 

Taa Ambient f l u i d  temperature on s i d e  "a", R 

Ambient environmental temperature f o r  s i d e  
tratr of f i n  (L) , R 

Tab TAB 

TAB (L) 

Ambient f l u i d  temperature of  s i d e  "b", R 

Ambient environmental temperature for  
s i d e  "b" of f i n  (L),  R 

Ambient environmental temperature f o r  
duct  s e c t i o n  (I), R 

E f f e c t i v e  environmental temperature , 
[see Eqs .  (1.14) and (2.20)1, R e T TE 

m 
0 Angle between sun ' s  r ays  and normal 

t o  body l'm'' s u r f ace ,  degrees 
THE TAM 

Angle between sun ' s  r ays  and normal t o  
f i n  su r face ,  degrees 

0 
P 

THETAP 

X 
0 Angle between sun ' s  r ays  and normal t o  

second su r face ,  degrees 
THETAX 

Surface temperature of body "m", R T m 

T* 

TM 

TS TAR Temperature of f l u i d  (must be s a t u r a t e d )  
and a l s o  tube w a l l  a t  i n l e t ,  R 
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Computer 
Equations Program 

dw 

Z 

dZ /dm 

U 

u f s  

2 
U 

V 

f V 

V 
g 

f g  
V 

vf 

V2 

W 

T ( 4 )  

T(5) 

U 

UFEND 

UFS 

UP2 

UZERO 

u2 

V 

VF 

VG 

VFG 

v2 

W 

WALTH 

WD 

WDOT 

WDOTD 

D e f i n i t i o n  

Surface temperature of body "x", R 

Ex i s t ing  va lue  of u, nondimensional 

Increment of m used f o r  c a l c u l a t i o n s ,  
nondimensional 

Value of T/T*, nondimensional 

dZ/dw, nondimensional 

Vapor v e l o c i t y  i n  duc t ,  f t / s e c  

F lu id  v e l o c i t y  a t  duct  e x i t ,  f t / s e c  

F l u i d  v e l o c i t y  a t  duct  en t rance ,  f t / s e c  

Pseudo v e l o c i t y  of  vapor i n  duc t  (as i f  
vapor occupied e n t i r e  volume), f t / s e c  

F l u i d  v e l o c i t y  a t  duct  en t r ance ,  (equal 
v e l o c i t i e s  assumed), f t / s e c  

Square of t h e  vapor v e l o c i t y ,  f t 2 / s e c 2  

Liquid v e l o c i t y  i n  duc t ,  f t l s e c  

S p e c i f i c  volume of the  l i q u i d ,  f t 3 / l b  

S p e c i f i c  volume of t he  vapor,  f t 3 / l b  

S p e c i f i c  volume increase  dur ing  
evapora t ion  , f t 3  / I b  

F lu id  v e l o c i t y  i n  a duc t ,  f t / s e c  

Square of the l i q u i d  v e l o c i t y ,  f t 2 / s e c 2  

Weight r a t e  i n  one duc t ,  l b / sec  

Tube w a l l  t h i ckness ,  f t  

Weight of a tube ,  l b  

To ta l  weight r a t e  of flow, vapor and l i q u i d ,  
l b /h r  

Weight flow of f l u i d  i n  a duc t ,  Lb/hr-tube 
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Equations Program D e f i n i t i o n  

WDPR 1 
'd Weight of t he  duct  p e r  f o a t  o f  length ,  

l b s / f t  

e W -m 

WILT 

Weight of extended su r face ,  l b  

Value of (dZ/dw), used f o r  t he  previous 
i t e r a t i o n ,  nondimensional 

WG 

WL 

Weight flow r a t e  of vapor i n  duc t ,  l b / sec  W 
g 

L 
W Weight flow r a t e  of t h e  l i q u i d  i n  duc t ,  

l b / s e c  

WLt  WLT Weight of t he  l i q u i d  t rapped i n  the  conden- 
ser ,  l b  

W 
4 

WQ Dry condenser weight p e r  u n i t  of hea t  
t r a n s f e r  , lb-hr/Btu 

To ta l  weight of  condenser (neglec t ing  
f l u i d ) ,  l b  Wt WT 

Molecular weight of f l u i d ,  lb/mol M WTM 

Heat t r a n s f e r  r a t e  a t  f i n  r o o t  temperature,  
Btu/hr  sq f t  

Y 

yL 
Lockhart-Mart inel le  Cor re l a t ion  f a c t o r  

Z Z Correc t ion  f a c t o r ,  P/p RT, nondimensional 
a l s o  used as a dimensi%nless r a t i o ,  i . e . ,  
t h e  temperature i n  a f i n  a t  a given s e c t i o n  
d iv ided  by t h e  ho t  end temperature 
P r o f i l e  number, C T3\"/kS , f o r  r ec t angu la r  
plan extended s u r t a c e  , non8imensional P 5 

SUBSCRIPTS 

Surface fac ing  the  sun ( i f  app l i cab le )  a 

b 

(1) 

Surface i n  shade ( i f  app l i cab le )  

Duct s e c t i o n  "I" or  y curve f i t  f o r  s e c t i o n  
"I" 

F in  "L" 



1 5  

Denotes en t rance  t o  duct  section (if 
app l i cab le )  

Denotes e x i t  from duct  s e c t i o n  (if 
app l i cab le )  
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PROGRAM 5-1 DESCRIPTION 

This program i s  adapted t o  systems having the  geometry shown i n  F ig .  

I. Much of the work presented i s  common t o  the  two programs and the  overlap-  

ping po r t ions  w i l l  no t  be repea ted .  

The hea t  t r a n s f e r  from an element of f i n  su r face  depic ted  i n  F i g .  

2 i n  a r a d i a t i v e  and convective environment can be w r i t t e n  a s  

dq  =[C1T4 -. C.2 -I- h ( T  - T ) + hb(T - Tab)IdAp. 
< 3  aa 

The r a d i a t i v e  cons tan ts  C1 and C2 a r e  

C 1  = (ea + E b )a = (e a -I- ~ b ) 0 . 1 7 1 3 ~ 1 0 - 8  
8 

[Ref. 3 , E q .  21 

and 

-t. F b X ~ b ~ X  cos ex) + 0 . 1 7 1 3 ~ 1 0 - ' [ ( F ~ ~ ~  + FbEb)BmTm 4 

+ (FaxCx + FbCb)ExTx + O.Ol(ea f E b ) .  

[Ref.  3 ,  E q .  31 
4 1  

The heat  t r a n s f e r  from an element of f i n  can be w r i t t e n  a s  

(1.3) 

*This denotes t h e  source of the equat ion.  
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where 

and 

I1 - 1, 1 I I1 1 
d l  .I d ~ i  h d l l  " 

Thus y i s  t h e  hea t  exchanged per hour p e r  u n i t  a r e a  a t  t he  w a l l  temperature.  

Rearranging Eq.(1.4)  and combining wi th  (1.5) 

(1.8) 

[ R e f .  1, E q .  (1.811 

The va lue  of  (dZ/dw)l i s  obtained a t  t he  i n l e t  vapor temperature,  T*, by the  

numerical i n t e g r a t i o n  procedures descr ibed  i n  Ref. 2 ,  Eqs.  ( 4 )  through (23) .  

The hea t  t r a n s f e r  from an element of  tube can be obtained by adding 

the amounts r e s u l t i n g  from both r a d i a t i o n  and convection. However, i n  t h i s  

program each mode of h e a t  t r a n s f e r  i s  ca l cu la t ed  d i f f e r e n t l y .  A s  explained 

i n  Ref. 1, the  hea t  t r a n s f e r r e d  by r a d i a t i o n  from a f i n  and tube system can 

be r e a d i l y  eva lua ted  wi th  e x c e l l e n t  accuracy us ing  t h e  pro jec ted  a r e a  of the 

tube .  I n  t h i s  program the  hea t  t r a n s f e r r e d  by convection i s  assumed t o  take 

place from t h e  exposed area of t h e  tube.  

i s  

Using t h e s e  areas, the  h e a t  exchange 

[Ref. 1, Eq. (1.911 



where 
.rrDo L = - -  

&h C 2 

The t o t a l  h e a t  from t h e  s u r f a c e  t o  t h e  environment 

equat ions (1.4) and (1.9). For the  element 

dq = 3600 6 dLw 

f o r  t h e  s y s t e m  t o t a l  

18 

(1.10) 

i s  obtained by combining 

(1.11) 

where .< r e p r e s e n t s  t h e  hea t  exchanged w i t h  t h e  environment per  second per  

f o o t  of tube length  o r  

The environmental  temperature (defined as t h e  one the  f l u i d  would 

reach  i f  t h e  duct  w e r e  i n f i n i t e l y  long) w a s  c a l c u l a t e d  from E q .  (1.13) by 

pu t t ing  q = 0 and Te = Tw. 

i n  which 

- 
The va lue  of T w a s  obtained us ing  Newton's method e 

Te = T e ' - Fe/% 

Te 
(1.14) 

where 

and 

- -  dFe - 4C1Te 3 (2L + Do)  + ht(2Le + Le) 
e dTe 

(1.16) 



T* was used a s  the  f i r s t  approximation f o r  T and T w a s  accepted e e 

when 

F 2 0.001. 
e 

When convection i s  absent  

ht= 0 ,  

4 y = iye - c2 
Y 

qd = Do(C1Te4 - C2), 

and wi th  these  s u b s t i t u t i o n s  i n  Eq. (1.13) and rearrangement 

(1.18) 

(1.21) 

The mixed f l u i d  p r o p e r t i e s  a t  the  tube i n l e t  are ca l cu la t ed  assuming 

the  two f l u i d s  are t r a v e l i n g  a t  t h e  same v e l o c i t y .  

t i o n  f o r  each c o n s t i t u e n t  

From the  c o n t i n u i t y  equa- 

A = / PLV E L  (1.22) 

For equal  v e l o c i t i e s  

= u = v  (1.24) ufs 

The duct  area i s  equal  t o  the  sum of the  areas occupied by the  two 

f r a c t i o n s  o r  

AL + A = Ad (1.25) 
g 

Combining Eqs. (1.23) through (1.25) and r ea r r ang ing  t h e  mixed f l u i d  v e l o c i t y  i s  



The f l u i d  momentum pressure  ( v e l o c i t y  X mass/sec) i s  

2 2 
(P&V + PgsAgU ) 

The t o t a l  f low i s  the  sum f o r  the  two f r a c t i o n s  o r  

w = w  f W  
L g  

Combining Eqs. (1.22), (1.23),  (1 .24 ) ,  (1 .27)  and (1.28) 

The k i n e t i c  energy p e r  pound of f l u i d  a t  duc t  en t rance  i s  

/ 2gJ . 2 
Eks = ufs 

20 

(1.26) 

(1.27) 

(1.28) 

(1.29) 

(1.30) 

A similar s e t  of equat ions  i s  app l i cab le  t o  the  f l u i d  leaving the  duct .  

assumptions need be made f o r  v e l o c i t y  d i s t r i b u t i o n  s ince  T$, = zero  i n  an 

evaporator  and w = ze ro  i n  a condenser,  

No 

g 
I n  these  programs the  s i z e  and shape of t he  system i s  s p e c i f i e d  

except f o r  t he  length  of tubes needed t o  condense the  vapor or  evaporate  the 

l i qu id .  The length  of tube  and pressure  drop along it a r e  determined sirnul- 

taneously by c a l c u l a t i n g  the  pressure  drop over an  increment of tube length ,  

and then performing a s tep-by-step ni.uTerical i n t e g r a t i o n  down the  length  of 
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PROGRAM 5-2 DESCRIPTION 

This program i s  set  up t o  handle a v a r i e t y  of duct  and f i n  configu- 

r a t i o n s  as i l l u s t r a t e d  by Fig.  4 .  I n  order  t o  make it f l e x i b l e  t h e  number of 

extended su r faces  a t t ached  t o  the  duct  and t h e  d i v i s i o n s  of the  duct  circum- 

ference are  s p e c i f i e d  by the  inpu t  d a t a .  The h e a t  t r a n s f e r  t o  the  extended 

su r face  i s  ca l cu la t ed  f o r  each su r face  from i t s  equ iva len t  length .  The heat 

t r a n s f e r  from t h e  duc t  i s  obta ined  by adding t h e  r a d i a t i v e  and convective hea t  

t r a n s f e r  from each of t he  sec t ions .  

When t h e  r a d i a t i v e  hea t  t r a n s f e r  t o  t h e  environment from a given 

extended su r face  i s  independent of t he  o the r  extended su r faces ,  the  programs 

i n  R e f .  2 can be used t o  c a l c u l a t e  t he  equiva len t  length  f o r  t he  su r face .  

Unfortunately,  when t h e  extended su r faces  are o r i e n t e d  i n  such a way t h a t  

they can "see" each o t h e r ,  the  h e a t  t r a n s f e r  by r a d i a t i o n  t o  the environment 

i s  r e s t r i c t e d  and no known programs are a v a i l a b l e  f o r  c a l c u l a t i n g  t h e  equiva- 

l e n t  length .  A t  p resent  t h e  use r  w i l l  have t o  approximate the  r educ t ion  i n  

hea t  t r a n s f e r  and a d j u s t  t h e  va lues  o f  L accordingly.  The approximations w i l l  

be s u f f i c i e n t l y  accu ra t e  i f  the i n t e r f e r i n g  su r faces  a r e  i n s u l a t e d ,  o r  i f  the 

e 

ambient f l u i d  i s  opaque t o  r a d i a t i o n .  

The c ross  s e c t i o n a l  flow area f o r  the  duct  can be ca l cu la t ed  by 

t h e  program when t h e  duc t  i s  c i r c u l a r .  I f  n o t ,  the  area and duct  perimeter 

must be included i n  t h e  inpu t  d a t a ,  The e f f e c t i v e  i n t e r n a l  diameter used t o  

compute pressure  drop f o r  a non-c i rcu lar  duct  i s  

4 A .  
d - -  - 

Di p . 
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For c i r c u l a r  duc t s  

2 

A = -  
IT Di 

d 4 '  

and 

To account f o r  t h e  two modes of  hea t  t r a n s f e r  w i th  the  environment, 

t he  c a l c u l a t i o n s  f o r  a s e c t i o n  of duc t  circumference a r e  divided i n t o  two 

par t s ,  convection and r a d i a t i o n .  The d i v i s i o n  i s  necessary  because of t h e  

u s e  of projected a r e a s ,  i f  app l i cab le ,  f o r  c a l c u l a t i n g  r a d i a t i v e  hea t  t r a n s f e r .  

Also i t  i s  assumed t h a t  t h e  duct  i t s e l f  might be of a complicated conf igura t ion  

r equ i r ing  seve ra l  s e c t i o n s  t o  adequately r ep resen t  t h e  hea t  t r a n s f e r ,  For an 

element of any s e c t i o n ,  t h e  hea t  t r a n s f e r  can be w r i t t e n  a s  

The e f f e c t i v e  s e c t i o n  l eng ths  S r ( I )  and Sc( I )  a r e  thus  chosen independently.  

I n  some cases ,  f o r  example a duct  without  f i n s ,  equal  values  f o r  SI,(I) and 

Sc ( I )  should be s p e c i f i e d .  

circumference i s  the  sum of the  amount from a l l  s e c t i o n s ,  o r  

The t o t a l  hea t  t r a n s f e r  from an element of duct  

1=1 
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and 

For an extended su r face  the  hea t  t r a n s f e r  i s  

s e t t i n g  

9nd 

L 

(2 * 1 2 )  

The heat  from an element of duc t  length  can be obtained by adding 

t h e  hea t  f r o m  the  extended su r faces  and the  duct  o r  

(2.13) 
W 

dq = 3600 dL 

Where 

(2.14) 
4 h = [KO + K I T  + K 4 T  ] 

(2.15) 



and 
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(2.15) 

(2.17) 

n' = number of f i n s  a t t ached  t o  a duc t .  

Equation (2.14) i s  used w i t h  Newton's method f o r  e s t a b l i s h i n g  the  
- 

ef fec t , ive  environmental  temperature.  S e t t i n g ,  q = 0 and T = T e 

4 
F = KO + KIT, + K4Te 

e 

3 
dF, / dT, = K1 + 4K4Te 

and 

T e = T I  e - F e / 3  e . (2.20) 

The i n l e t  f l u i d  temperatures T.' i s  used a s  t h e  f i r s t  approximation 

f o r  T e l .  The va lue  of T i s  accepted when e 

Fe 5 .001 . (2.21) 
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CONCLUSIONS AND RECOMMENDATIONS 

These programs can be used t o  so lve  a myriad of evaporator  and 

condenser problems. While they have been s p e c i f i c a l l y  designed f o r  problems 

where the  hea t  exchange wi th  t h e  environment i s  by the  combination of convec- 

t i o n  and r a d i a t i o n ,  they  can be used where the  t r a n s f e r  i s  r e s t r i c t e d  t o  

one o r  t he  o the r .  Problems involving only convection environments a r e  

a l s o  so lvab le  by convent ional  approaches and such a program would be a l i t t l e  

b i t  more economical w i th  machine t i m e .  

The r igo rous  mathematical  t reatment  of t h e  combined e f f e c t s  of r a d i a -  

t i o n  and convection h e a t  exchange systems has been avoided i n  the  pas t  because 

of the d i f f i c u l t i e s  i n  so lv ing  the  nonl inear  d i f f e r e n t i a l  equat ions .  These 

d i f f i c u l t i e s  are made acu te  by the  l a rge  number of v a r i a b l e s  which inf luence  

the  exchanger performance. Radia t ive  exchange problems have been g r e a t l y  

s impl i f i ed  by the  use of dimensionless parameters.  Comparable s t u d i e s  wi th  

the combined e f f e c t s  of r a d i a t i o n  and convection a r e  s o r e l y  needed. P e r -  

formance curves o r  c h a r t s  would a i d  i n  the  understanding of problems and 

i n  i n t e r p r e t i n g  t h e  r e s u l t s  obtained f o r  a given case. The programs presented 

here in  combined w i t h  those  of Refs .  1 and 2 should provide i n t e r e s t e d  p a r t i e s  

wi th  the  b a s i c  t o o l s  f o r  making such a s tudy .  

I n t e r - r a d i a t i o n  e f f e c t s  between f i n s  which "see" each o the r  w i l l  

Very l i t t l e  work has introduce e r r o r s  which a r e  d i f f i c u l t  t o  approximate. 

been done i n  t h i s  f i e l d .  

Problems involv ing  hea t ing  and cool ing  of gases  and mixtures of gases  

can no t  be solved wi th  e i t h e r  t hese  programs or  those of Ref.  1. The modi f ica t ions  

r equ i r ed  a r e  not  ex tens ive  and work i n  t h i s  f i e l d  i s  recommended. 
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/- r a d i a t o r  su r face  

Temperature, T L / X 

su r face  (m) 

/-----I-,- 
/ 

BODY "Xrr 

Fig .  1. Program 5.1 Radia t ive  Environment 
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@ Entrance 

@ Exi t  

F ig .  2 .  Typical Configurat ion (Program 5.1) 

Heat exchanged 
per  u n i t  l eng th  
of f i n  and tube 
per  u n i t  of t i m e .  

9 
- 

I I 

WL + &L 
w 9 +hg 
hL + dhL 
hg + dhg 
u +du 
v+ dv 

Enthalpy (liquid), hL 

Liquid weight flow, wL 

Vapor weight flow, wg 

Enthalpy (vapor), hg 
Velocity Ivapor), u 
Velocity (liquid), V 

Fig.  3 .  Condenser Tube "bo-Phase F l o w  Model 
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/ / 
/ 

/ 
/ 
Duct # 1 - 
Surface 

Fig. 4 Representative Configuration (Program 5.2) 
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APPENDIX A 

PROGRAM INFORMATION 

Included i n  t h i s  appendix are deck s e t u p s ,  f l ow diagrams, compiled 

l i s t i n g s  of the  main programs and subrout ines ,  (Figures  A - 1  t o  A - 5  i n c l u s i v e ) ,  

Information f o r  Program u s e r s ,  and Input  Variables  f o r  Programs. Subroutines 

permanent H o l l e r i t h  l i s t i n g s  and a se t  of i npu t  d a t e  f o r  s a m p l e  problems 

a r e  included along w i t h  program l i s t i n g s .  



A-2 

D e c i m a l  D a t a  
R e q u i r e s  (-) 
I n  C o l u m n  1 of 
Last C a r d  of 
E v e r y  C a s e  

DECIMAL DATA 

F i g .  A - 1 .  C o m p o s i t e  D e c k  S e t u p  
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EWIRON TEMP 

ALSTR > .98 /d AND \ YES 
\ TE > TSTAR i-? 

/ I TE-TSTAR] <5. 

I 

F ig .  A - 2 .  Program 5-1. Flow Diagram 
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1 
& I 

DELWL=-WLIFMESH 

--j__ 

COMPUTE I 
R e  No. FACTO+ 
FOR PHI CALC. 

RHOGA 

CONSTANTS FOR 
PRESSURE 

LENGTH CIF SEC e NDEX LOCATIO 

F ig .  A - 2 .  Program 5-1 Flow Diagram (cont . )  
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TRAPPED I N  

LF,NGTH OF FI 

TOTAL: PRESS 

CONVERT 
TOTAL 

EIEAT TRANSFER m PRINT OUT 

TOTALS Lr' 
COMPUTE : 

WEIGHTS 

PRINT OUT c;; WEIGHTS 

F i g .  A - 2 .  Program 5-1 F l o w  Diagram (cont.) 



A-6 
7 
3 
4 
5 
h 
7 
8 
9 

10 
1 1  
1 3  
1 3  
1/J 
15 
16  
1 7  
1 5  
13  
? 9  
2 1  
23 
2 3  
24 
25 
26 
27 
26 
23 
3 3 
31 
3 2  
3 3  
3 4  
3 5  
-35 
3 1  
35 
39 
4 3  
4 1  
47 
43 
44 
45 
45 
U T  
4 8  
49 
59 
51 
57 
5 3  
54 
5 5  
56 
57 
54 
5 9  
61) 
6 1  



A-7 6 2  
6 3  
64 
6 5  
6 6  
67 
A8 
69 
70 
7 1  
7 7  
7.9 
1 4  
72 
7 9  
7 7  
73 
7'3 
d 3 
8 1  
8 3  
83 
84 
8 5  
86 
87 

89 
9 0  

92 

Y u  
95 
96 
9 7  
9r3 
99 

1 0 0  
1 0 1  
1 0 2  
10  3 
104 
105 
105 
f0P 
1 0 9  
109 
1 1 0  
1 1 1  
1 1 3  
1 1 3  
1 1 4  
115 
1 1 6  
1 1 7  
118 
1 1 9  
1217 
121 
1 2 2  

H a  

9 1  

9 3  

Fig .  A - 3 .  Program 5-1, Listing (con't) 



1 2 3  
124 
1 2 5  
1 2 6  
1 2 7  
1 2 9  
1 2 9  
130 
1 3 1  
1 3 2  
1 3 3  
1 3 4  
1 3 5  
1 3 6  
1 3 7  
1 3 4  
133  
1 4 0  
1 4 1  
1 4 7  
1 4 3  
1 4 'I 
¶ 4 5  
1 4 6  
1 4 7  
143 
1 4 9  
1 5 9  
1 5 1  
152 
1 5 3  
15u 
1 5 5  
156 
1 5 7  
159  
f59 
1 6 0  
1 6 1  
1 6 2  
1 6  3 
¶ 6 4  
1 6 5  
1 6 5  
1 6 7  
1 6 9  
1 6 9  
17Q 
1 7 1  
1 7 3  
1 7 3  
1 7 4  
1 7 5  
1 7 6  
1 7 7  
1 7 9  
1 7 9  
183 
181 
1 8 2  
1133 
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184 
¶ 8 5  
183 
1 8 7  
188 
189  
190  
191  
1 3 2  
1 9 3  
1 9 3  
195 
1 9 6  
1 9 7  
198  
199  
2 0 0 
201 

202 
20 3 
2 0 4  
2 0 5  
2 0 6 
2 0 9  
208 
209 
2 1 3 
2 1 1  
2 1 2  
21 3 
2 1 4  
2 1 5  
2 1 6  
2 1 7  
218  
213 
2 2 0  
2 2 1  
2 2 2  
223 
2 2 4  
225 
2 2 6  
227  
2 2 8  
2 2 9  
230 
2 3 1  
2 3 2  
2 3 3  
2 3 4  

Fig. A - 3 .  Program 5-1, Listing (con't) 
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2 3 5  
2 3 6  
2 3 7  
239 
239 
2 4 !I 
241 
242 
243 
244 
245 
24b 
2 4 7  
248 
243 
2 5 0  
2 5  i 
252 
25 3 
2 5 4  
255  
2 5 6  

2 5 7  
25d 
253 
2 6 0  
2 6 1  
2 6 2  
263 
26r1 
2 6 5  
266 
267 
2 6 8  
2 6 9  
270 
271 
2 1 2  
2 7  3 
2 7 4  
275 
2P4 
2 7 7  
2 7 d  
2 7 9  
2 8 0 
281 
28% 
283 

Fig. A-3. Program 5-1, Listing (con't) 



1 
2 

3 
4 
3 
3 
7 
n 
0 

i 0 
11 

281 
26' 
28b 
251 
2 R t  
285 
29c 
29 1 
292 
29 3 
294 
295 
296 
2 9 7  
294 
2 9 3  
3 0 9  
3 0 1  
3 0 ?  
3 0 3  
3 0 4  
3 0 5  
3 0 4  
3 0 7  
309 
303 
3 1 0 
3 1 1  
3 1 2  
3 1  3 
3 1 'I 
3 1 5  

3 1 6  
3 1 7  
3 1 6  
3 1 9  
320 
3 2 1  
3 2 2  
3 2 3  
3 2 4  
3 2 5  
325 
327 
3 2 3  
329 
3 3 9  
3 3 1  
3 3 2  
3 3 3  
3 3 4  
3 3 5  
3 3 5  
3 3 9  
3 3 8  
3 3 9  
340 



34 1 
342 
343 
3 4 4 
345 
346 
347 
3 4 8  
3/49 
350 
35 1 
352 
35 3 
354 
355 
356 
35 7 
35y 

359 
3 6 0 
361 
3 6 3  
3 6 3  
3 b '4 
305 
3 6 6  
3 4 1  
3 6 8  
369 
3 79 
371 
3 7 2  
3 r 3  
374 
375 
374 
377 
3 7 8  
379 
3 8 0  
3 8 1  
382 
3 8 3  
38/4 
385 
385 
3 8 7 
388 
359 
3 9 0  
3 9 1  
39? 
3 9 3  
3 9 4  
39'5 
3 9 6  
3'63  
3 9 6  
3 9 9  
409 



405 
404 
407 
408 
409 
4 1 (1 
411 
412 
41 3 
414 
415 
415 
41? 
418 
419 
420 
42 I 
422 
423 
424 
425 
426 
427 
428 
429 
430 
431 
43% 
433 
4 3 Q 
435 
435 
437 
439 
439 
4 4 0 
441 
442 
443 
444 
445 
446 
447 

449 
450 
451 
452 
453 
454 
455 
456 

44a 
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2 

1203 
1205 
1225 

1235 

I 2 1 0  
L 2.33 

c * * *  

L 250 
126U 
1271 

1?78 

1265 
1270 

1380 
1390 

140c) 

DATA F O R  PROBLEMS 

t 3 T A S S  IUM CONDENSER 6 0 0 P  LP/HR 464 TUPES 
h e 0 0 8 3 3 3 3  e 2 5  1.22E-05 1 eOF-n4 

1 2 0 9 0  040 
3 9  4 .  4 9 0 0  

19  r 8  5105 873. 3 9 0 1  
3 5  6 3 C 8 2 E - 0 8 0 e O  .21  e l 8 3  

4 5  0 9 3 6  4 9 4 ,  

3 1620. 

1 0052Q8 $ 0 3 1 2  6000. ,16666 

.D 41 l e 0  43.6 464. 
r mwmiv CONDENSER 6000 LP/HR 120 TUBES - 44 1 2 0 ,  
D O T A S S I U V  REHEATER CONVECTIVE ENVIRONMENT 

44 464e 
14 2 e  2 e  2000 e 2 0 0 n *  
3 5  a001E-08 
-4 3 0 0 0 e  

c ~ T A S S I U M  ?€HEATER CONVFCTIVE ENVIRONMENT 

t 3 ~ A S S I u v l  CONDENSER CONVECTIVF AND R P O I A T I V E  ENVIRONMENT 

cntn OF P A f P  
e 999 Fig. A - 3 .  Program 5-1, Listing (con't) 

P 16 1622e 1 6 2 2 0  

- 35 eC50nE-08 

45? 
456 
459 
450 
4 6 1  
9 6 2 
4 6 3  
4 6 4  

465 
466 
467 
4 b Y  
4 6 9  
470 
471 
4 7 2  
47 3 
4 7 4 
474 
4 7 6 
471 
4 7 8  
47') 
4 8 3  
4 8 1  
48? 
48'3 
4 9 4  
0 8 5 
486 
4 8  
483 
4 8 9  
4 9 0  
4 9 1  
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CALCULATE 
CONSTANTS I 

I I 
I 

& FIN VALUES 
FOR CONSTANT 

R e  No.  FACTO 
FOR PHI CAW.  

RHOGA 

COMPUTE 
CONSTANTS FOR 
PrnSSURE 

CHANGE CALC. 

COMPUTE: r-l 
LENGTH (I!? SEC. 

TRAPPED I N  

CONVERT : 
LENGTH OF F I  
PRESSURE 

CHANGE 
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CONVERT 1 TOTAL 
/HEAT TRANSFER 

Cl PRINT 

TOTAL: PRESS 
CHANGE, HEAT 
TRANS., LGTH. 

ITEMS 
I 

i I 

Fig. A - 4 .  Program 5-2 Flow D$agram (cant-) 
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Fig. A - 5 .  Program 5-2, Listing 



250 
C 
C 

375 

390 

2 3 5  

300 

500 
5 5 0 

C 
C 

A 11 0 

651 

6 6 0  

670 

6 7 5  

F i g .  A - 5 .  Program 5-2, Listing (con’t) 



A-19 

C 
C 

28  
29 
30 

3 1  

3 7  

3 3  



A-20 



A-21 

2 

6 
7 

8 
15 
1 6  
1 7  

18 

91 
12 

II. 3 

14 

Fig. A - 5 .  Program 5-2, Listing (con't) 
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C 
C 
C 

F v o  OF P!?nHLFMs 
5999 Fig .  A - 5 .  Program 5-2, Listing (con't) 
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INFORMATION FOR PROGRAM USERS 

DECRD (DECIMAL READ SUBROUTINE) 

Descr ip t ion  

This r o u t i n e  provides the  f a c i l i t y  f o r  reading  a v a r i a b l e  number of 

p ieces  of f l o a t i n g  poin t  d a t a  i n t o  s p e c i f i e d  elements of an a r r a y ;  t hese  

elements may be e i t h e r  i n  sequen t i a l  o r  i n  nonconsecutive loca t ions .  Only 

the  information s p e c i f i e d  i s  a c t u a l l y  read  i n t o  s to rage .  

The f ixed  po in t  number (index) i n  t h e  f i r s t  f i e l d  on each card 

de f ines  the  pos i t i on  of t he  f i r s t  piece of d a t a  on the  card .  I f  t he  index 

i s  1, the  f i r s t  p iece  of d a t a  w i l l  be s t o r e d  i n  t h e  f i r s t  l oca t ion  reserved  

f o r  t he  a r r a y ;  i f  i t  i s  16,  the  f i r s t  work w i l l  be placed i n  the  16th pos i t i on ,  

e t c .  The remaining f i e l d s  on each card conta in  information f o r  t he  success ive  

loca t ions  of the  a r r a y .  I f  one o r  more f i e l d s  a r e  l e f t  blank,  no information 

i s  read  i n t o  the l o c a t i o n s  corresponding t o  these  f i e l d s ;  the  information 

a l ready  i n  these  loca t ions  i s  una l t e red .  

Use - 
The decimal d a t a  w i l l  be  r ead  i n t o  s to rage  by means of t h e  FORTRAN 

statement ,  CALL DECRD (Name of a r r a y  t o  be r e a d ) .  

The da ta  a r e  w r i t t e n  i n  decimal d a t a  form which has 6 f i e l d s  of width,  

12 card-columns each. 

a .  The index o r  l o c a t i o n  number must be w r i t t e n  t o  t h e  extreme 

r i g h t  of t h e  f i r s t  f i e l d ;  i t  may not  be zero or  blank. 

The f l o a t i n g  poin t  d a t a  may be w r i t t e n  i n  two ways on the  da t a  

shee t s :  

b .  
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1. With a decimal po in t :  4 2 . 6 2  may he pos i t ioned  anywhere i n  

the  f i e l d  of width 1 2 .  

2 .  With t h e  E .  type Format and t h e  decimal po in t :  .243 E 0 2 ,  

where the  exponent s p e c i f i c a t i o n  i s  w r i t t e n  t o  the  extreme 

r i g h t  of t he  f i e l d .  

c.  Reading d a t a  a r e  concluded by p l ac ing  a nega t ive  s i g n  i n  the  

f i r s t  f i e l d  of t he  l a s t  card t o  be r ead .  

R e s t r i c t  ions 

I f  any negat ive  zero  o r  ".O" i s  wr i t ten  a s  a p iece  of  d a t a ,  i t  w i l l  

be recognized a s  a blank by FORTRAN. Zero should be designated by "0." 

Error  I n d i c a t i o n  

I f  a zero  o r  blank index appears i n  the  f i r s t  f i e l d  of a ca rd ,  an 

e r r o r  message i s  p r in t ed  and the  job i s  terminated.  

Program Termination 

Two cards  are used t o  te rmina te  a program. The f i r s t  i s  a card wi th  

a t i t l e  such as "End of Problems", t h e  second has a -999 punched i n  columns 

9 t o  1 2 .  A test  i s  provided i n  DECRD t o  te rmina te  t h e  program when these  

numbers appear .  

NOTES ON PROGRAMS 

1. Data numbers f o r  the  input  v a r i a b l e s  a r e  shown on pages 27, 28 and 

29 * 

2 .  Data opt ions  a r e  provided i n  both programs. I n  program 5-.1 an 
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index (DA 41) i s  used t o  spec i fy  the  opt ion  t o  be taken.  I f  a l l  r a d i a t i o n  

cons tan ts  and convection parameters a r e  t o  be ca l cu la t ed  a "0" i s  en te red .  

I f  C 1  and C2 a r e  en tered  i n  DA 35 and DA 36 a "1" i s  placed i n  DA 41. 

parametr ic  s t u d i e s  are t o  be made C1, C 2 ,  FH, and FAH are en tered  as inpu t  

da t a  i n  DA 35, 36, 47, and 48 r e s p e c t i v e l y ,  and a "2" i s  en tered  i n  DA 41. I n  

program 5-2 i f  non c i r c u l a r  duc t s  a r e  t o  be analyzed the  duct  per imeter  and 

duct  a rea  must be en tered  i n  DA 3 and DA 4 r e s p e c t i v e l y .  I f  c i r c u l a r  duc ts  

a r e  analyzed the  i n t e r n a l  diameter can be en tered  i n  DA 5 o r  the  duct  p e r i -  

meter and a r e a  can be en tered  as f o r  non c i r c u l a r  d u c t s .  

I f  pure 
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INPUT VARIABLES FOR PROGRAMS 

DA 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

1 7  

18 

19 

20 

2 1  

2 2  

Program (5-1) 

DO (outs ide  diameter f t )  

D I  ( i n s ide  diameter f t )  

T" ( i n l e t  t e m p ,  R)  

G ( t o t a l  weight flow, l b / h r )  

ELH ( f i n  length ,  f t )  

FINTH ( f i n  r o o t  t h . ,  f t )  

DELTAR ( th ickness  r a t i o )  

FMUG (gas v i s c o s i t y ,  l b / f t - s e c )  

FMUL ( l i q .  v i s c o s i t y ,  l b / f t - s e c )  

QALSTR ( i n l e t  q u a l i t y )  

FNK ( f i n  k ,  Btu/hr-f t -R)  

FHH ( l a t e n t  h e a t ,  Btu / lb)  

W T M  (mol w t  , lb/mol) 

HA (con. h . t .  c o e f . ,  Btu/hr f t  R) 

HB (con. h . t .  coe f . ,  Btu/hr f t  R )  

TAA (con. ambient temp., R) 

TAB (con. ambient temp. ,  R) 

ALFAA ( a b s o r p t i v i t y  s i d e  A) 

ALFAB ( a b s o r p t i v i t y  s i d e  B) 

EMA (emiss iv i ty  s i d e  A )  

EMB (emiss iv i ty  s i d e  B) 

EMX (emiss iv i ty  body x) 

2 

2 

Piogram (5-2) 

6 ( t o t a l  weight flow, l b / h r )  

ENT (no. of tubes)  

P (duct p e r i m e t e r ,  f t )  

AD (duct a r e a ,  sq f t )  

D I  ( e f f e c t i v e  d i a . ,  f t )  

ND (no of duct  s e c t . )  

NF (no of f i n s )  

PMESH (no. of sub. s e c t . )  

P ( i n l e t  p ressure ,  l b / f t  ) 

T ( i n l e t  temp,  R) 

QALSTR ( i n l e t  q u a l i t y )  

FHH ( l a t e n t  h e a t ,  Btu / lb)  

CPG (spec.  h t .  of vap.,  Btu / lb)  

FMUG (gas v i s c o s i t y ,  l b / f t - s e c )  

W T M  (mol. w t . ,  lb/mol) 

Z ( compress ib i l i t y  f e.) 

RHOL ( l i q .  dens i ty  l b / f t  ) 

CPL (spec.  h t .  of l i q . ,  Btu / lb  R) 

FMUL ( l i q .  v i s c o s i t y  l b / f t - s e c )  

2 J; 

J; 

3 
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23 

24 

25 

26 

27  

28 

2 9  

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

FA (view f a c t o r  t o  m) 

FAX (view f a c t o r  t o  x )  

FB (view f a c t o r  t o m )  

FBX (view f a c t o r  t o  X )  

RHOM ( r e f l e c t i v i t y  of m) 

RHOX ( r e f l e c t i v i t y  of X )  

zz ( p r o f i l e  no . )  

THETAM (sun angle  t o  m) 

THEATX (sun angle  t o  x) 

TM ( temp.of my R) 

- T X  (temp. of x, R) 

EPSM (emiss iv i ty  of In) 

C 1  ( rad.  cons t . ,  Btu/hr f t  R ) 

C 2  ( rad-from env. Btu/hr f t  ) 

CPG (spec.  h t .  of vap.  , Btu/ lb  R) 

CPL (spec.  h t .  of l i q , ,  Btu / lb  R )  

FMESH (no. of sub. s e c . )  

PSTAR ( i n l e t  p r e s . ,  l b / f t  ) 

INDICJ: (OPTION IND.) 

RHOL ( l i q .  d e n s i t y  l b / f t  ) 

THETAP (sun angle  e , deg.) 

CAPN (no. of tubes)  

Z (compress ib i l i ty  f a c t  .) 

RHOTM (dens i ty  of tube ,  l b / f t  ) 

FH (convect ive parameter) 

FAH (convect ive parameter ) 

2 4  

2 

2 

3 

P 

3 

(see l i s t i n g  below) 
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NP = 30, I = 0,5 

NP + I 
N P + I + 1  

N P + I + 2  

N P + I + 3  

N P + I + 4  

N P + I + 5  

N = 90, L = 0 , 2 0  

N + L  

N + L + l  

N + L + 2  

N f L + 3  

N + L + 4  

N + L + 5  

N + L + 6  

SR(1) (duct width f o r  r a d . ,  f t . )  

SC(1) (duct width f o r  conv., f t )  

C l D ( 1 )  (duct r a d . ,  Btu/hr f t  R ) 
2 4  

C2D(I) (duct r a d .  from env.,  Btu/hr f t  2 ) 

HD(1) (conv. h . t .  c o e f . ,  Btu/hr f t  2 R )  

TA(1) (conv. ambient t e m p ,  R )  

C l (L)  ( r ad .  cons t .  , Btu/hr f t  2 4  R ) 

C2(L) ( rad .  from env. ,  Btu/hr f t  2 ) 

HA(L) (conv. h . t .  coe f . ,  Btu/hr f t  2 R)  

HB(L) (conv. h . t .  coef . ,  Btu/hr f t L R )  

TAA(L) (conv. amb. temp, R )  

TAB(L) (conv. amb. t e m p . ,  R) 

EL,E (L) (equivalent  length ,  f t )  



APPENDIX B 

SAMPLE PROBLEMS 

Several  sample problems a r e  presented t o  demonstrate the  c a p a b i l i t i e s  

and l i m i t a t i o n s  of t he  programs. These problems a r e  a l s o  u s e f u l  f o r  checkout 

should  t he  program deck be reproduced o r  modified f o r  use on another computer. 

Three f l u i d s ,  water ,  "Freon 113" and potassium were used i n  the  prob- 

lems. Some of them a r e  r e r u n s o f t h o s e  presented i n  Ref. 3 and some employ the  

conf igu ra t ions  used i n  Ref. 1. This w i l l  permit t he  i n t e r e s t e d  reader  t o  make 

comparisons. 

Problem 1: Potassium Space Powerplant Cpndenser 

Two of the  problems of Ref .  3 have been r e run  as w e l l  a s  two cases  wi th  reduced 

numbers of tubes .  Both programs 5-1 and 5-2 have been used f o r  t h i s  example, 

A 6000 lb /h r  case was r u n  on program 5-1 and a 3000 lb /hr  case  was run  on 5 -2 ,  

however, when employing 5-1 the number of s e c t i o n s  w a s  reduced t o  fou r .  The 

input  and output  f o r  the  6000 lb /hr  case  i s  shown i n  F i g s  B - 1  and B-2  respec-  

t i v e l y .  The 3000 l b / h r  case  i s  shown i n  F igs .  B - 3  and B - 4 .  The ca l cu la t ed  

da ta  using these  programs agree c l o s e l y  with those  of Ref. 3 ;  t he  g r e a t e s t  

discrepancy i s  i n  the  va lue  f o r  t he  e f f e c t i v e  l eng th ,  ELE. The va lue  given i n  

t h i s  r e p o r t  i s  considered t o  be t h e  more accu ra t e  s i n c e  i t  was obtained d i r e c t l y  

from a numerical  i n t e g r a t i o n  procedure while  the  one i n  Ref. 3 was ca l cu la t ed  

from curve f i t  da t a .  The d i f f e r e n c e  i s  approximately two percent .  The pres-  

su re  f o r  both cases  i s  shown t o  inc rease  as the  f l u i d  passes  through the tubes.  

This i s  due t o  t he  f a c t  t h a t  t he  momentum pressure  r i s e  i s  l a r g e r  than the  
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f r i c t i o n  pressure  drop. This may be s u r p r i s i n g  cons ider ing  the  f a c t  t h a t  the 

f l u i d  e n t e r s  a t  a v e l o c i t y  of 459.31196 f t / s e c  f o r  t he  6000 lb /h r  case.  

s p i t e  of t h i s  high i n l e t  v e l o c i t y  the  tube length  i s  s t i l l  only 1.8459 f e e t .  

This s h o r t  l ength  demonstrates one of the  b i g  problems i n  designing a s a t i s -  

I n  

f ac to ry  space power p l an t  condenser. 

The r e s u l t s  of us ing  120 and 100 tubes f o r  the  6000 lb /hr  case i s  

shown i n  F ig .  B-5. Reducing the  number of tubes inc reases  the  f l u i d  ve loc i ty  

and the  a s soc ia t ed  pressure  drop. It was impossible t o  completely analyze 

e i t h e r  of these  cases .  Calcu la t ions  terminated a f t e r  the  second s e c t i o n  f o r  

t he  case employing 120 tubes and a f t e r  the  f i r s t  s e c t i o n  for. the  100 tubes.  

The reasons f o r  the  te rmina t ions  a r e  d i f f e r e n t .  Pressure f e l l  below zero f o r  

120 tubes and the  c a l c u l a t e d  s e c t i o n  length  was nega t ive  f o r  100 tubes .  Both 

s i t u a t i o n s  a r e  impossible and both t e s t s  are needed i n  the  programs t o  termi-  

na t e  u se 1 ess  ca lcu l a  t ions  

Problem 2: Potassium Reheater 

This  problem u s e s  much of t h e  d a t a  of Problem 1 except t h a t  pure 

convective environments were s e l e c t e d .  Two environments were chosen. I n  the  

f i r s t  an ambient f l u i d  a t  2000”R was assumed. This i s  above the  f l u i d  i n l e t  

temperature of 1620. The i n l e t  q u a l i t y  was he ld  a t  80 percent  a s  i n  Problem 

1. The inpu t  and output  d a t a  a r e  shown i n  F igs .  B-6 and B - 7 .  When the  ambient 

was reduced t o  1622 t h e  output  d a t a  was 

CALCULATE0 D A T A  
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This check i s  provided i n  the  program s ince  t h e  i n t e g r a t i o n  rou t ine  may g e t  

i n t o  d i f f i c u l t y  if the  temperatures of f l u i d  and environment are nea r ly  equal,  

Problem 3 :  Potassium Condenser i n  Convective and Radia t ive  Environments 

This problem w a s  chosen t o  t e s t  the  a b i l i t y  of program (5-2) t o  

handle an ususual  s i t u a t i o n .  A low va lue  w a s  chosen f o r  the  r a d i a t i o n  con- 

s t a n t  C and an ambient convect ive temperature was chosen which w a s  s l i g h t l y  

above the  f l u i d  i n l e t  temperature .  As shown by Figs .  B-8 and B-9, heat  t r ans -  

1 

f e r  by r a d i a t i o n  outweighs the  convect ion and hea t  i s  l o s t  from the  system. 

The reduced r a d i a t i o n  c o e f f i c i e n t  C accounts f o r  the  longer tube length  1 

requi red  by t h i s  problem. 

Problem 4 :  Tubular Heat Exchanger 

Water i s  t o  be evaporated a s  i t  passes through a 3/8 inch  O . D .  tube.  

A low pressure  gas having a low convect ive hea t  t r a n s f e r  c o e f f i c i e n t  surrounds 

the  tube bu t  high gas and w a l l  temperatures  are p resen t .  

f i nd  the  condi t ions  i n  the  evapora tor ,  as the  water passes through tube of 

s u f f i c i e n t  length  t o  completely evaporate  the  water .  

I t  i s  requi red  t o  

I n  us ing  Program 5-2 the  va lues  of t he  r a d i a t i v e  and environmental 

The problem condi t ions  used t o  c a l c u l a t e  parameters C 

these parameters a r e  : 

and C2 are r equ i r ed .  1 

= 0 .6 ,  8 = 1.0,  Tx = 1000 R and Zx = 1.0 a X 

Using these  va lues  i n  Eqs. (1.2) and (1.3) 

C 1  = ca(J = (0.8)(0.1613)(10-8) 

C2 = 0.1713(10-8) (1000 ) (1.0) (0 .6 )  = 1028 4 

B-3 
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Two flow r a t e s ,  2 .5  and 10 l b / h r ,  were chosen f o r  t h i s  i l l u s t r a t i o n .  The 

remaining inpu t  items a r e  shown i n  F ig .  B - 1 0 .  While the  output  f o r  t he  two 

cases  i s  shown i n  Fig. B-11. The a n a l y s i s  was sucess fu l  f o r  the  2.5 lb /h r  flow 

r a t e ,  bu t  the  program r a n  i n t o  d i f f i c u l t y  wi th  the  higher flow r a t e .  The 

ca l cu la t ed  pressure  i n  the  tube a t  t he  end of the  e i g h t h  s e c t i o n  was -1521.5 

lb / sq .  f t .  and the  program stopped t h e  a n a l y s i s .  F l u i d  pressure  drop i n  the 

tu rbu len t  regime i s  s u b s t a n t i a l l y  h igher  than i n  the  laminar reg ion .  The 

Reynolds numbersfor vapor a r e  shown t o  be i n  the  tu rbu len t  reg ion  f o r  a l l  but  

t he  f i r s t  s e c t i o n .  Pressure  drop f o r  two phase flow i s  high when compared 

with s i n g l e  phase flow f o r  e i t h e r  l i q u i d  or  vapor.  I t  i s  t h e r e f o r e  easy t o  

undere.stimate the a c t u a l  pressure  drop. I n  t h i s  case  the  f i n a l  Reynold's 

number was 12,975--a va lue  w e l l  i n  t h e  tu rbu len t  r eg ion  but  not  impossible i n  

many flow problems. Observe a l s o  the  impossible pred ic ted  temperature drop 

of 2136.9 degrees  R i n  the  l a s t  s e c t i o n  analyzed. This i s  f a r  from the  

expected range of only a few degrees  of dev ia t ion  from the  i n l e t  temperature .  

Lowering t h e  flow r a t e  t o  2.5 lb /h r  reduces the  pressure  drop t o  73.382 lb / sq  

f t .  This drop i s  only  2.3 percent  of the  c a l c u l a t e d  drop a s soc ia t ed  wi th  

approximately 80% of the  hea t  t r a n s f e r  a t  the  h igher  ra te .  One should remember 

t h a t  a po r t ion  of t h i s  d i f f e r e n c e  i s  due t o  the  d i f f e r e n c e  i n  tube lengths .  

The duct length  i s  approximately propor t iona l  t o  the  flow r a t e  and the  pressure  

drop i s  approximately p ropor t iona l  t o  t h e  length .  The higher  r a t e  being four 

times the  lower would i n d i c a t e  approximately four  t i m e s  t he  amount of h e a t  

exchange and four  t imes t h e  amount of duct  length .  



0.0365" developed l eng th  
f o r  convection 

f /- 

L A  = 1.1iX10-4 sq f t  (flow a r e a )  d 

p = 0.0518 f t  

F lu id  - 2 l b / h r  of steam 

Mater ia l  - Aluniinum - k = 118 Btu/hr f t  R 

= 660 R 
Tf 1 

Le = 0.1559' ( ca l cu la t ed  by Program 2 - 1  and shown i n  F igs .  B-6 and B-7  of Ref. 1) 

Sketch 1 
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The input  and output  d a t a  f o r  t h i s  problem a r e  shown i n  F igs .  B-12 and B-13. 

Two flow r a t e s  were considered,  1.5 and 2 l b / h r .  However, the  l a t e r  flow 

was excess ive  and the  a n a l y s i s  w a s  stopped a f t e r  seven of the  ten sec t ions  

had been analyzed. For the  lower flow r a t e ,  the  pressure  drop i n  the  f i r s t  

f i v e  s e c t i o n s  isshown t o  be cons iderably  h igher  than  i n  t h e  l a s t  f i v e  s e c t i o n s .  

This i s  due t o  the  t u r b u l e n t  Reynold's number's c a l c u l a t e d  fo r  t h e  vapor.  Even 

wi th  the  lower flow r a t e  the pressure  drop i s  q u i t e  high (477.25 lb / sq  f t ) .  

With the  u n c e r t a i n t i e s  involved i n  us ing  equiva len t  diameter f o r  c a l c u l a t i n g  

two phase flow pressure  drop,  and s i n c e  the  prograx ignores  the  en t rance  

losses t h a t  come wi th  any des ign t  t he  acceptance of t h i s  flow r a t e  should be 

quest ioned un le s s  a c t u a l  t e s t i n g  proves otherwise.  

Problem 6 :  Mult i  F i n  Freon Condenser 

A c o i l  ca r ry ing  "Freon 113" i s  brazed i n t o  a tank s t r u c t u r e  a s  

shown wi th  much of t he  d a t a  i n  the  Sketch 2 .  The c o i l  i t s e l f  has a 1 /2"  ou t -  

s i d e  diameter ,  and a 0.025" t h i c k  w a l l .  

The f i n  input  and output  da t a  a.pproximating the  problem condi t ions  

i s  shown i n  F igs .  B-10, B - 1 1  and B-12 of Ref 1. The f i n a l  input  and output  

problem d a t a  from program 5-2 i s  shown i n  F igs .  B - 1 4  and B-15. For t h i s  prob 

lem two flow r a t e s  of 75 and 225 lb /hr  were chosen. 



1 Duct Sec t ion  # 1 

I-- 1 .72"  -4 0.405" 
F i n  

System 

T = 600 R "Freon 113" 

L = 0.186 f t .  ( f i n  1)  

= 0.349 f t .  ( f i n  2 )  

= 3.2952 f t .  ( f i n  3)  

f 1 

e 

Duct Sect ion /I 3 

b Fin H 3 

T = 500 R 
h = 12 Btu/hr s q  f t  R 

F in  #I and Fin#2 

Tm = Ta = 530 R 

h 

C1 = 0.1456 x 10 

= 7 Btu/hr sq f t  R a 
-8 

C2 = 146.1 Btu/hr sq f t  

Sketch 2 

The problem demonstrates t he  wide c a p a b i l i t i e s  of t he  program, the  manner i n  

which the  d a t a  might be examined, and the  conf igu ra t ions  chosen t o  a t t a i n  a 

s u i t a b l e  performance compromise. 

I n t e r e s t i n g  d a t a  i s  p r i n t e d  out  f o r  s e c t i o n  9 and 10 f o r  t he  75 lb /h r  
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flow r a t e .  The pressure  drop f o r  s e c t i o n  9 i s  nega t ive  while  a l l  o ther  sec-  

t i o n s  a r e  p o s i t i v e .  I n  a condenser the  vapor v e l o c i t y d e c r e a s e s  as mere l i q i i i d  

i s  formed. This would appear t o  s t e a d i l y  lower t h e  pressure  drop from duct  

i n l e t  t o  o u t l e t .  The f l u i d  momentum goes down as t h e  vapor condenses. This 

f a c t o r  g ives  a pressure  increase  t o  the  f l u i d .  For the  f i r s t  e i g h t  s ec t ions  

the  momentum r i s e  i s  higher  than  the  f r i c t i o n  pressure  drop and each sec t ion  

has a p o s i t i v e  value foraP .  I n  the  n i n t h  s e c t i o n  the  l i q u i d  Reynold's number 

exceeded 2000 and the  flow was considered tu rbu len t  by the  program. The t u r -  

bu len t - tu rbu len t  combination produced a higher  pressure  drop. I n  the  t en th  

s e c t i o n ,  however, t he  f r i c t i o n  pressure  drop was aga in  reduced i n  va lue  and 

the mamentum force  was aga in  predominant and gave a s l i g h t  pressure  r i s e .  The 

o v e r a l l  p ressure  r i s e  f o r  the  duct  i s  shown t o  be 1.837 lb / sq .  f t .  
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I N P U T  , . )AM 
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S E C  I t U t 4  
0010u00 
1462.361 

54 0 06430 
183744Y 
0,45601 
0 e l 8 ! > 9 6  
2 e R 2 1 7 3  

3 
d i j A L  ? T Y  4 1 M I  UDLE. O F  S E C T  I O N  
L I 3 U I U  VELDCITY ( F T e / S E C e )  
' J k F i 3 7  VELUCITI '  ( F r . / S E C s )  
Q I j A N I T I E F  OF HEAT REJECTED PEH FnnT OF TUtlE LENGTHs(STU/SLC"F 

CHAiVGE I ' d  T t  MPEWATUHE PCR D I F F F H F N T I A L  LENGTH, ( D E G R E E S  R 
C t i A % G E  1'4 PHESSUYF- PER D T f F E R E Y T l A L  LF.Nt i Ih9 ( P S I ?  

D I F F E k ? € N T I A L  LENt iTH r)F TIIUE, ( F T r )  
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P f l r A S S I l J M  CONDENSER Fl lR S P A C L  POWFRPLANY 

INPUT DATA 
I. ~ o o o 8 0 0 0 0 0 0 0 ~  T O T A L  WEIGHT FCnw ( C W H R I  

3 O o O O O O O O O O  DUCT PERIMtTtH ( F T )  *OPTION 

5 0 ~ 0 3 1 2 0 0 o o  EFFECTIVE D I A M E T E R  ( F Y I  * r w u u N  

2 464~00000000 NO c  O F  DUCTS 

4 0,00000000 DlJCT A R E A  ( S M  F T )  * O P T I i l N  

A 2~00000000 NO, OF DUCT S E C T I O N S  
7 2 ~ 0 0 O O O O O O  NO, nF F I N S  
A 10,OOOOOOOO NU [IF S U H S k C l I O N S  
9 4 9 0 e 0 0 0 0 0 0 0 0  I N L E T  P R E S S U R E  ( L B / S U  F T I  

10 1620,00000001 6 L u l n  T E M P  A T  E N T R A N C E  ( H I  
1 1  0,80000000 WEIGHT F R A C T I O N  V A P O R  
1 2  873~00000001 L A ? E N T  H t A T  UF F l .U In  ( B T U I L R )  
1 3  0121009000 SPECIFIC HEAT OF V A P O R  ( R T U / L B  !?I 
I4 O e O O O O 1 2 1 0  VISCOSITY OF VAPOR ( L B / S E C  F T )  
15 39010000000 M[ILECULAH vJE lGHT OF FLU10 (Lt l /MOL)  
16  Oa93600000 VAPnR COMPKESSIRILITY F A C T O R  
1 7  4~c60000000 DENSITY [IF L IOUTI )  (LB/CIJ  F T )  
18  0,18300000 S P E C I F I C  H E A I  OF L I Q U I U  (R? I I /LH  H )  
19 O c O O O l O O O O  VISCOSITY OF L I Q U I D  ( L B I S E C  F T )  

I N P U T  DATA NO. I f d P U l  DUCT VALUES 
SEC EfFEC? P E R I F E R A I .  L E N G T H  FOR HAOIATION ( F T )  
1 0105208000 30 
2 0~05208000 40 

1 0~00000000 3 1  
2 OrO0O0OO0O 4 1  

1 s154P0000E108 32 
2 o 154lOOOOE"O8 42 

SEC E F F E C T  P E R I F E R 4 L  L E N G T H  FOR C O N V E C T I O N  ( F T I  

S E C  R A D I A T I O N  C O N S T A N T  c ¶  ( H T u / H R  SQ F T  Ha*U) 

SEC R A D I A T I O N  CONSTANT C2 ( B T U / H R  SQ F T )  
1 0,00000000 33 
2 0,00090000 43 

1 0,00000000 34 
2 0,00000000 44 

1 0,00000000 35 
2 0,00000000 45 

SEC CONVECTIVE HEAT THANSFEU C O E F P  ( H T l J / H H  SQ 6 1  R l  

SEC 

F i g .  B - 3 .  P r o b l e m  1, I n p u t  Data ( P r o g r a m  5-2) 



0 a 0 
0 
4 

rl 
a 



CALCI ILATEi I  r !ATA 1 2 0  T l l H E S  

1 7 7 h r d O h 2 4  Y I Y T L J H E  Y E L O C I T Y  A T  TrJt3E L N I Y A N C E ,  F T / S E C  

CALCULATED OATA 100 TlJBES 

O,OB824 EFFECTIWE: LENGTH O f  F l q ~  F ' T e  
OeG029O ENVIRONMENTAL TEMPERATUREB DEGREF-S R 

2 1 3 1 . 2 0 7 4 9  M I x T l J k E  W E L O C I  T Y  A T  T U B E  LNTRANCEI F T / S E C  

SEC I I O N  1 
O P 7 B U O O  'JvALITY A T  Y X L ) O L E  O f  S E C T I U N  

25r00647 ~ ~ n i i r o  V E L O C I T Y  ( 1  ro/sEc.) 
2 0 3 4 r 3 1 4 1 7  V A P O R  W€.LOCITY ( F T * / S E C e I  

1@34/72 U U A N I T I L S  OF H E A T  RLJECTED PER F O O T  OF TUBE LENGTH ( B T d / S L C = F I  
l e 2 8 3 5 8  O I F F E R E N T I A L  LENGTH n): TUH€:, ( F T a  1 

=69r35543 C H A N C t  I N  TEMPERATURE PER D I F F E R E N T I A L  L E N G T H I  ( D E G R E E S  R 
~ 2 3 P e 9 5 3 4 9  CHANGE I N  P F E S S U R L  PER D I F F E R E N T I A L  L E N G T H 9  ( P S F ?  

Oh R A T E  C . X C € S S I V t e  60 TU N E X T  C A S E D  

F i g .  B-5 .  Problem 1, Output Data ('LOO and 120 tubes)  



B-14 



B-I. 5 

0,15363 E F F L C r l V E  L E l J t i T H  UF F IY ,  t T e  
2000 e 3OUi)O E N J l Y C l N M E N T A L  T E M P € f 4 4 l ! l f ? E ~  U E G S E F S  R 

229 e 5 5 3 9 8  Y I X T I J ~ E  J E L O C I T Y  A T  TiJHE EPITRANCEr F T / S E C  

S E C  I I U N  
0.8 2 3 0 0  
1 1 3 6 1 8 6  

238r3.3121 
=+C),1642? 
0,97431 

m 1 e 8 6 6 S ?  
-t5* ?c)40Y 

1 
OirALlTY A T  M I D D L E  OF. S E C T I O N  
L I Q U I D  V E L O C I T Y  ( f T e / S E C e )  
JAPUY VLLOCITY ( F T e / S E C * )  
d U A N 1  l I E S  Ot HEAT RE.IFCTF-I) PER F O O T  (IF TUBE L E Y G T t i r ( R l d / S t C e !  
1 ) I F F E Q E N T I A L  L E N G T H  O F  TllbEB ( F T o I  
C k i i i N G E  I Y  TEYPEH4T:JRE PER D I F f E H F N T I A L  LENGTH, ( n E G H F E S  H 
CtiANSE I Y  f’KESSUHE PER D T F F E R E V T I A L  LENGTH,  (PSI .  1 



B-16 
P O 1  A S S I I J M  CUNOLYSER C' INVLCY IWE 4ND R A O I 4 T l J E  ENVIBONMFNT 

Tk.IF:HhlAL CUNI ILJCTIJ ITY  aF F I N  MATERTAL ( Q T U / F T , H R e H )  
F!IHM F I C T O S  t3ETWEEN S I a f  A A Y Q  M O O N  
FUHM FACTU2 HETl l lEtN 5 I D E  H AND Mf lON 
A H S 0 9 H T I V I T Y r  S I D E  A 
~ ~ S U ? I ~ T I V I T Y S  S I d L  tl 
EMISSIVITY, SIDE A 
E r d [ S q I V I T Y s  SIDE t3 
FdYM F A C T O R  HETWEEV S I D E  A A Y O  X 
F O Y M  FACTOH RETUVEEN S I D E  d AN0 X 
TFMPESATUHE OF X (DEGREE5 H )  
ArdGLF: 3 E T N E L N  SUNS H 4 Y S  4 N O  NOI?MIL T f l  X ( U E G S E F S )  
R L f - L E C T I V I T Y  U F  Y 
Tl:MPFi?ATI.IRE Ilk Mni3N ( D E G R E E S  R )  
ANGLE dSETulEEN S U q S  H4YS AND VOT?MAL T f l  MUON S U H F A C C  ( O € d R C C - S )  
R E F L E C T I Y I T Y  UF 14Uif;J SURFACE 
ANGLE HETWEEN SCJNS R 4 Y S  4ND PLANE nF t:XTENOED SURFACE 
811'3 T TH I C K N E S S s  ( F E E T )  
R A l l i l  OF t N U  10 R O O T  S E C T I O N  
LE4GTb+ OF F I N  ( F E L T ?  

O a t 3 f 5 3  7 F T A  P P R O F I L E  MIJPlBFR 
O , O O ( J 0 9  C 3  E Y J I f l O N M t N T W L  PbFtAMEVFH 
0 . 3 5 a t ) J  FH 5U+?FACF: C U M V E C l I V E  PARAMETER 
0 , 2 3 Y 2 9 F'Ad t Y V I # O N M € N T  C I I N V E C T T V E  PARAMETES 

Fig .  B-8 .  Problem 3 ,  Input Data 



. .. . . .- , , -. 
B-17 

0,12773 €FFECTIWE LENGTH tfF F I N *  F T m  _-  - . 

1298.237a7 FNVIRUMMENTAL TEMPkRATUPEr D E G R E E S  H 
. . .__ - 

229,65598 M I X T U R F :  V€LOCITY A T  TUBE ENTRANCE, F T I S E C  



B-18 

TIIBULAH EVAPORATOR 

INPUT D A l A  
I 2r50000000 
2 1@00000000  
3 0900000000 
4 0,00000000 
5 0 1 0 1 9 2 5 0 0 0  
6 1 r a O O O O O O O  
7 0@00000000 
8 l 0P00000000  
9 1 6 5 9 e 7 4 0 0 0 0 0 1  

1 0  660eOOOOOOOO 
I 1  O,OOOOOOOO 
1 2  9 7 7 r 9 0 0 0 0 0 0 1  
1 3  0*35000000 
1 4  0 @ 0 0 0 0 0 8 4 9  
1s le,OOOOOOOO 
16 1,00000000 
1 7  6 0 r 3 0 0 0 0 0 0 0  
18 1@00500000 
19 Oa00020520 

T O T A L  WEIGHT FLnW ( L H / H R )  

DUCT PEHIMETLR ( F T )  *OPTION 
pUCT AREA ( S w  F T )  * O P T I O N  
E F F E C T I V E  DIAMETER ( f  t )  *OPTION 

N O ,  OF IIUCTS 

NO. OF DUCT SECTIONS 
N O e  OF F I N S  
NU OF S U H S E C T I O Y S  
I N L E T  PRESSURE (LB/SQ F T I  

WEIGHT FRACTION VAPOH 
LATENT H t A T  UF F L U 1 0  ( t l T U / L R )  
S P E C I F I C  HEAT OF VAPOR ( B T U / L H  R )  

MOLECULAR W E I G H T  f lF F L U I I )  ( L t l / M O L I  
V A P O R  C o M P H E S S I R I L I T Y  FACTOR 
D E N S I T Y  (IF L l Q U T D  ( L B I C I J  F T )  
S P E C I F I C  HLAT OF L I Q U I U  ( B T W L B  H I  
VISCnSXTY UF L I ( s U I I 1  ( L G I S E C  F T )  

F L U I D  TEMP A T  ENTRANCE ( R )  

VISCOSITY OF V A P O R  ( L w s E c  F T )  

ATA NO. I N P U T  OUCT VALUES 
SEC E F F E C T  P E R I F E R 4 L  LENGTH FOR f ? A D I A T I U v P ? ? f i  

1 0109817000 30 

1 0,09817000 31 

f e1370OO00Ea08 32 

SEC EFFECT PERIFERAL L E N G T H  FUR c o w E c r i o r U  ( F T )  

SEC R A D I A T I O N  CONSTANT C 1  (HTU/HR S Q  F T  R * * 4 )  

SEC R A D I A T I O N  C O N S T A N T  C2 ( H T U / H R  SQ F T )  
1 1 0 2 0 e 0 0 0 0 0 0 0 1  33 

SEC CONVECTIVE HEAT TRANSFER COLFF ( f l T U / H H  SQ FT R )  
1 1 , 3 0 0 0 0 0 0 0  34 

SEC AMBIENT TEMP C R )  
1 925.00000001 35 

F i g .  B - 1 0 .  Problem 4 ,  Input Data 



O&r . . . . r r rdCUNNN 
o o c o o o o o o o  

U 
3 
I- 
4 
(L 
3 

U 
> 
CJ 

z 
U 
J 
3 
m 
3 

n 

+- 



€3- 20 

90 
100 

9 1  
101  

92 
102 

93 
10 3 

S d  FT R )  

S d  FU R )  

94 
104 

95 
105 

96 
106 

F i g .  B-12. Problem 5 ,  Input Data 



s 
e 

4 

N &  N C U N N  AI NN d 
o c o c c o c c c o  

. d & + d d d C C 3 3  
C C C C O O G C C C  

h 

'3 

i 
c 

U 

I #  
e 
2 
w 
u 

V J -  

a 
l -  
U 
C 

c 
3 
a 
2 
0 

b 

U 
3 
n 
U 

m 
rl 
I w 
M 
.d 
Fr 



M l l L 7 1  F I N  FffCnN CUNIIENSEH 

I N P U l  DATA 
1 
3 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1'3 
1 4  
1 5  
16 

18 
19 

1 7  

7 5 ~ 0 0 0 0 0 0 0 0  
l e 0 0 0 0 0 0 ~ 0  
OpOOOOn0OO 
0,00000000 
0 ~ 0 3 7 5 0 0 0 0  
3.00000000 
3*00000000  

10,00000000 
3 1 5 7 e 9 0 0 0 9 0 0 1  

600,00000000 
1 * 0 0 0 0 0 0 0 0  

hlr31000000 
0.16100000 
0.00000746 

lH1.39000000 
0 e 9 5 0 0 0 0 0 0  

92,33000000 
0,21800000 
0e00029702 

T O T A L  W E I G H T  FLnw ( L H / H Q )  
NO,  flF DUCTS 
UUCT P E R I M t T t H  ( F T )  + O P T I O N  
DUCT A R E A  ( S o  F T ]  rl)pTiflhl 
E F F E C T I V E  D I A M E T F H  ( I  1 )  * O P T I O N  
NO,  OF nUCT S E C T I O N S  
N O *  I IF F I N S  
N u  flF S U B s k C T I o Y S  
I N L E T  PRESSUKE (lW/Sbl F T I  
F L U I i l  TEMP A T  E Y T H A N C E  ( R )  
W L I G H T  F H A C T I U N  V A P I I H  
L A T E N T  H L A l  L)F r L U I U  ( t 3 T U / L P )  

V I S C O S I T Y  OF VAPnH ( L H / S E C  F T )  
MOLECULAR WEIGHT OF F L U I U  ( C H / M n L )  
V A P O R  C f I M P K E b S I Q I L I I Y  FACTOQ 
D E N S I T Y  OF I , l Q U T l l  (Lk$/CIJ F T )  

V I S C [ l S I T Y  UF L I Q 1 J I D  ( L B I S E C  f r )  

sPECTFIC  H t A l  IIF VAPOH ( H T U ~ L B  R )  

S P € C T F I C  ~ t A 1  O r  L I Q U I D  ( R Y I I / L H  H I  

I NPlJT 
SE c 

1 
2 
3 

S E C  
1 
2 
3 

SEC 
1 
2 
3 

SEC 
1 
2 
3 

SEC 
1 
2 
3 

S E C  
1 
2 
3 

INPUT GATA N O .  DUCT VALUES 
E F F E C T  PEHIFERAL..  L E h l ~ T t i  FUR R A n I A T I c r N  ( F ' T )  

0,03374000 30 
0 . 0 0 0 0 0 0 0 0  40 
0 * 0 3 3 7 5 0 0 0  50 

0,03375000 3 1  
0000000000 4 1  
0.03375000 5 1  

014560000E-09 32 
0. 42 
0 * 52 

E F F L C T  P E H T F E H A L  L E N G T H  FUR C U Y V L C T I O N  ( F T )  

H A l 7 I A T I O N  C[ INSTANT C 1  ( H T U / H R  FO F T  H * + 4 )  

R A O I A T I O N  C U N S I A N l  C2 ( H T U I H H  CCJ F T )  
1 4 4 ~ 1 0 0 0 0 0 0 0  33 

0.00000000 43 
0,00000000 5 3  

7 ~ 0 r ) 0 0 0 0 0 0  34 
0,00000000 44 

1 Z I O O O O O Q O O  54 

5 3 0 ~ 0 0 0 0 0 0 0 0  35 
0c00000000 45 

500,00000000 55 

c w v E c r r v E  H E A T  T R A N S F E R  C O ~ F F  (HT~JIHH SQ F T  H I  

A M B I € N T  T E M P  I R )  

F i g .  B-14. Problem 6 ,  Input Data 



1:-23 

INPUT DATA N O .  I N P U T  F I N  WALlJLS 
F I N  R A D I A T I O N  CONSTANT C l  ( H T U / H Y  5 Q  F T  H * * l l )  

1 r14560000E-08 90 
2 ~14560000E"08 100 
3 0, 110 

1 146,10000000 91 
2 146e10000000 101 
3 0,00000000 111 

F I N  C O N V E C T I V E  H E A T  THANSFEH C O t F f  S I D t  A ( H T U I H H  S ( J  FT R )  
1 r * 1~0000000  92 
2 7.00000000 102 
3 12,00000000 1 1 2  

F I N  C U N W E C T I V E  HEAT TRANSFFH C O L F - f  S I D E  H ( H T U / H Y  5w C T  R )  
1 1 2 , 0 0 0 0 0 0 0 0  93 
2 0 ,00000000  10 3 
3 0.00000000 113 

F I N  R A D I A T I O N  C O N S T A N T  c 2  (HTUIHR 'io wi  

F I N  A M H I E N T  T E M P  S I n E  A ( R )  
11 530,00000000 94 
2 5 3 0 ~ 0 0 0 0 0 0 0 0  104 
3 500,00000000 114 

F I N  A M R ~ E N T  T E M P  s m  R ( R )  
1 5 0 0 ~ 0 0 0 0 0 0 0 0  95 
2 0 ,00000000  105 
3 o * o o o o o o o o  115 

1 Oe18600000 96 
2 Oe34900000 106 
3 0120520000 115 

F I N  E f F L C T  L F N G T H  t F T )  

Fig .  B - 1 4 .  Problem 6, In.put Data (con't)  



W 
c 
a 
X 

L 

a 
I 
\ 
P 
2 

ul 
)c 

2 
w 
L3 z 
f 
u 
z 
C 
w 
a 
LL 

z 
Y 

CL 

W 

L- 
A 

f 
-.I 
d 

a 
c 
Q. 
c. 
c 
3 
h 
c 
5 
D 

c u c  
L L W  LL 

UJ 
c 
U 
a 
3 
3 
A 
LL 

a 
f 
'\ m 
J 

rl\ 
N 
N 

a 
a 
t- 

t 2  

c 
3 
Q 

B-2 4 

m 
4-l 
m 
p. 
u 
=I a 
u 
3 
0 

n 

\D 

E 
a, 
l-l 
e 
0 
&i 
PI 


